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Introduction

Who: Light-element nuclear data evaluation "team" @ LANL/Theoretical Div.
— Gerry Hale & MP
— LANL collaborators
= D.Dodder, K. Witte, A. Sierk, R. MacFarlane, N. Gibson, W. Haeck
— External collaborators

* D.Brown(BNL), C.Brune(OU), J.deBoer(ND), R.Capote(IAEA), V.Dimitriou(IAEA),
[.Thompson(LLNL) & many others

What: Light-element cross section evaluation for science and applications
When: 70's = current

* Why...motivations, next slides



Motivation |

Theoretical

Address open problem of relativistic, multichannel scattering/reactions of composite strongly
interacting (QCD) objects (a.k.a., nuclei)

”l\ L) l"( first nf n oS of Artu '.1\, in !hl‘ ’n we

1. Elementary Particle Theory of Composite Particles* T

Srevey Wanssact hupc to develop a method for the calculation of

Deporiment of Phyvics, Umiversity of California, Berbeley, Coliforwia strong interaction procesases
(Recvived 13 November 1962)

HIS is the second of a series of papers, in which we

2. Quasiparticles and the Born Series* |, hupt' 1o dev ("lup a practicable method of calculat-
INE SIrong INteTaction processes.

3 System‘tic Solution of Mulﬁwticle w“eﬁu mb‘m. HIS is the third paper in our current series on the

quasiparticle method., The first! showed how fic.

In the fourth paper we will extend these ideas to the
4. ??7? The 4th paper never appears | fully relativistic case.! Here we shall see that the quasi
particles can provide the force that makes their intro-
duction a neoessity

— Phenomenological R-matrix parametrization of light-element scattering/reactions (largely
non-relativistic) may give clues about the more general problem

<



Motivation i

Practical Applications

Continuous (and multi-group) representation of scattering/reaction data is important for a
variety of applications

» Nuclear astrophysics & cosmology

* Neutrinos and fundamental symmetries

= Energy

» Nuclear criticality & safety

» Nuclear security



LANL light-element program

* All compound systems A<20 (and a few above)

 Recent work in 2020:

Projectile\ Target 'H ’H SH SHe ‘He °Li Li
n 2020  VIII.O  VIII.O  VIII.O VIII.O 2020 VIII.O
D 2020  VIII.O  VIII.O  VIII.O 2020 VIII.O VIII.O
d VIII.O  VIII.O 2020 VIII.0? VIII.O VIII.O
t VIII.0O  VIII.O 2020 VIII.O TENDLO09
h(3He) VIII.O VIII.O VIII.O TENDLO09
« VIII.O TENDL0O9 TENDLO9

UB (a+’Li, a+’Li", t+*Be, n+!'B); ''C (a+'Be, p+10B)

2C (a+%Be, p+''B)

13C (n+12C, n+12C%)

14C (n+13C)

BN (p+'C, n+!“N, a+!'B)

160 (g+160, a+12C)

70 (n+190, a+1°C)

BNe (p+!"F, p+'"F", a+'%0O)

<




Theory

Overview of R-matrix approach

Exterior region
I.  Solve the Schrodinger equation for W) = [Fe) = 20 |Oc)See
the scattering problem

(by imposition of scattering Boundary
Conditions — see next slide)

Scc’ - 5cc’ + 21 ch’ r — 00

Channel surface

II. But rather than match the data at e e R¥
macroscopically large distances a
from the scatterer Text

(as is usually done) Interior region

ITI. We assume that the asymptotic [H + Z5] |X) = Ex|))

wave function 1s known down to

microscopic scales |
(Coulomb or free) LB =3 7o lac)(ac| (P, +iB)

@) = [H + %5 — E] ' Z3|¥)

[V. Match at a finite radius — the  Rpe. = (¢|[H + %5 — B '|c) = 3, 157
channel radius: r. or a,

V. Why?
The finite channel surface boundary Compound system & channels
between Interior & Exterior regions * SLi — interior region
allows the definition of a compact,  p+*He, d+3He, ... — exterior, asymptotic region

Hermitian operator

<



Theory

Scattering: Boundary condition

* Solve the Schrodinger equation for E>0, in the continuum

{50+ v Lo = Bt

* Boundary condition
— Suppose

d3k/ 7 /-I‘ . .
U(r) = /(2ﬁ)3/2 eXTU(K) = |r1|1£r1oo U(r) — 0 (by Riemann-Lebesgue)

— Correct BC for incoming plane wave with k

only remaining term

31./
U(r) = /(d—ke“‘ TP (k') + ek T « " |as =

27T)3/2

— Energy conservation [assume =0, elastic only]

e—ikr e—l—ikr ) " oy
lim ¥(r) — — So_o(k)«———— | Scattering "matrix
|r|—o0 T r

L J \ J
T

Y
Incoming  Outgoing
wave wave

Phase shift
_ 2ib0(k) —




Theory

Scattering: Matching example [finite square well; €=0]

* Finite square well

e

wz’nt (7‘) 1/Jext (7‘) )
h

[—ﬂww»” n v<r>] (r(r) = E(r(r))

it = A; sin k;r Tert = Aesin(ker + do(F))
ki = \/2u(E + V) ke = \/2uE
~V
’ _ (rine(r)) _ (rteat(r))
T ) | L ) | _

Matching condition at r=a: <Z; =%,

e Logarithmic derivative continuity Ty i ——

kit tankia = k7 tan(kea + o) matching occurs anywhere outside the
= range of the strong interaction
"9



Theory

Green functions

» Usual application to inhomogeneous differential equations
— Such as the Poisson equation EM
_ o V() = amp()
The Green function (or operator)

1
3
is the inverse of the differential operator: ¢(r) = / d°r’ r—r p(r')

“G=—(VH™ «+— —V"2G(r') = 4ns(r')

* R-matrix approach requires generalized Green function
— Incorporate boundary condition information directly into Green function

(H +(P0) E) W) = |F) (H(r) + 20 () — E) U(r) = F(r)
) = 1) +(Ala) F(r) = f(r) 4+ A2 =9
20 2y alp ) . [
a 2/J’ T j(o)(r): h (5(7“—Cb)d_r
) —i 0 “ 2ma 1?2 r
(rlpe = =2 rtr
(H(r) — E)Y(r) = f(r) vr
B2 d
‘:Q Qﬂ—a%(ﬂp(ﬂ) . = A r=a




Theory

R-matrix: Exterior & Interior region wave functions
Exterior region

Hg — E||&;) =0
& = 0, or S,

‘\I’C> — ‘j6> - Zc’ ‘ﬁC’>SC’c

Channel surface

A= R3A_4

Interior region
%(aca bc)‘)‘(a’ca bC)> — E)\(a’m b6)|>‘(a’07 bc)>
f%ﬁI(aw bc) = Hy + a%(ac)

Z(ac) = Zc |ac5c><ac3c|%(ﬁr + ibe)

r— o0



Theory

Bloch-Green formalism

Algebraic mnemonic
Operators ~ Matrices

* Solve the multichannel, scattering (Schrodinger) equation
H1(ac, be)|Mac, be)) = Ex(ac, be)|Aac, be))

(H _ E) ‘\ch>

=0

(H—I—jb — E) U.) = .%|.)

Gy = <H+jb —E)_l
= Gy %|V.)

W)

* Matching @ r. = a

jf[(am bc) — HI + jb(ac)
. 2
Z(ae) = Z lac; ¢){ae; | ,LLC

C

|a'c; C> - ‘ac; jcmc; £c30><ac;jcmc; Ecsc|

A

(Dr + 1bc)

[Pe)

7)) —10)S = Gy(ac)(Z

= Gp.%|.)

b)) -

|0)S}

- > 10)S

<— Matching at a.

e Definition of R-matrix and S-matrix —

N > S=0"'+20 'R0
G = (| (H+ %~ B) | -
R -1 Ry, =1+ R(B—-L R
zz<c’| (H+2~E) N | . ( )]
N B : § matrix does not depend on a., b,
= Z E|j\ _)‘| +— Spectral representation L Lo — 6L I — ac 00,
R b DO Q¢ A R Oc 87“6 Te=a
N (CLC, c) E,—E e = /—2uc< |C> S B Bc’c — 5c’cbc




Theory

Bloch-Green formalism: S-matrix unitarity
S=0"1T+20"'R,07!
R'=R'+B-L

STS =1 Unitary constraint
=142 'R} (R = R} —2iI 'O~ | RO

=1+4"'R} InB- ImL+I1'0"" R O™

—0 —0, = P=Im L=(F2+G2)-1

 Unitarity requires B real
* Energy independent level E; and reduced width vy, require B constant
 Unitarity is preserved for finite set {E,, Y.}




Unitarity implications

Opi = 20 S}aSni
sz' = (5f7; -+ Qipf sz' Tfi - T}LZ’ =21 Z T}rnpnTni
Pn — 5<HO - En) L

m Implications of unitarity constraint on transition matrix
1. Doesn’t uniquely determine Tjj; highly restrictive, however

Elastic: Im (T_l)ll = —p1, E < Ey (assuming T & P invariance)
Multichannel: Im T™! = —p
2. Unitarity violating transformations
* Scaling single ampl: Ty — aily; a;; € R
* Phase x-form: T;; — €Ty 0;; € R
* consequence of linear ‘LHS’ o< quadratic ‘RHS’

3. Unitary parametrizations of data provide constraints that experiment may violate
* normalization, in particular

_ _ —— * Observable o« KF ]Tfi\Q
* 170: Bair & Haas '73 vs. Harissopulos '05

« ENDF/B-VIIIL.O release: Nucl. Data Sheets 148 (2018) 1-142




Theory

Unpolarized & polarized scattering/reaction observables

* Wolfenstein trace formalism (O;) = Tr psOy
— Spin density matrix Tr py
+ 41
pr = Mp:M Myi = 2 (s | Tlsmy)
1 (0) 1
= a0 = —1;
pi= T 2;<0 )0 P =
— Unpolarized
1
Tr p{¥ = I MMT _
0 47: 1 ) Lincoln Wolfenstein
0
E,0 TUEx, V. ) 1923-2015
B0 = B @@ D 2 [T B el

— General polarization

1 0;=0,®0
o N(E,0)(05) = 77 > (00T MOMTO; {Of ~0,00,




R-matrix parametrization
Relativistic kinematics

I’ T,
RC/C(E>\7’)/>\,C> — Z . .

— Ex(s) - B(s)
 Mandelstam s variable
— Lorentz invariant
— Channel invariant
pg,l = (mea + Ee, Pe,1) pg,2 = (me,2,0)

2 2
S = (pc,l +pc,2) =m, + 277”5(:,2l?c
me = Mec 1 + me2
— Relativistic parametrization form (reference channel c)

s—m2

Els) = 2m g
co




R-matrix evaluation for light nuclear systems

Nuclear Data Pipeline
EDA cross section evaluation

-~

T R A T O T A

Combination of single-

e Single experiment experiment differential data e Determination of initial
observations (EXFOR/CSISRS) parameters (E, 7xc) from Processing Testing & Evaluation
of ¥'eld | © Compound-system data .| known/guessed resonance | ® Continuous-energy (ACE) & e Integral benchmark testing
® Unpolarized: oot 7, 7(6) > deck ”| structure (ENSDF, TUNL- > multigroup (NDI) formatted > (ICSBEP/IRPhEP/etc)
® Polarization: e.g.: Li="He(t, t)'He NDEP) cross section libraries (NJOY) o Other applications codes
Ay, Cpp, KZ ,3(7),. .. +4He(t, n)°Li+CLi(n, n)°Li 20 Optimization of

\e.g. o(*He(t, n)GLi)/ \M; In—(:-u;j-e i daty \X =D expt's Xz,xpt/ \ J \ J

* Cross section evaluation for light-elements (A=20)
— Quantum mechanical R-matrix (Wigner)
— Correlates all experimental data simultaneously

)
= Rpee = (C|[H+ L5 — B 'e) = 3, 2020

A

Optimize (currently via email )

Exterior region
(We) = [SIe) = 20 |Oc)See

See = 500’ + 21 Ty r— 00

Channel surface

pol/unpol; neutrons/charged-particles 7 c g3
Elastic/inel/transfer/reaction/break-up \ o .
Upper energy-limit restricted (break-up) < 20 5 /?‘
MeV Interior region o

[H + L] |\) = Ex|X)
¥) = [H+ %5 - E] ' %5|9)

Lp =Y. golac){ac|(p, +B)

E\—FE



EDA evaluatio

n procedure

EDA R-matrix
evaluation
procedure

~

R-matrix \
e Ve
Rc’c - E)\ E—E,

P =1{Ex,Vc}

Y

-

-

T=-0'F+01R,0

~
T-matrix

R'=R'+B-L
)

Y

-

Xiy (p) ox (O) = 2
\ )

Observables

/ Data \

e.g. EXFOR/CSIRS
Processes: elastic, inelastic,
transfer, break-up®,...
Unpolarized:

Otot (E)a U(E)7 dO’/dQ(E, 0)

ps =TpT"

Tr p; Oy

Polarized: Py, Ay, Cp o, - .

N J
\ 4
Optimize
Xz (P)
. nMXi]u (p)_Rl 2
= Tara [
2
TZMSMfl
+ [ASM/SM}

|VPXEDA(p)| 26

YES
4

Solution/Postprocessing
1) Construct ENDF-6
formatted evaluated data file
2) Covariance data
3) Post-process break-up
spectra with SPECT code




Parameter uncertainty from y?
The Old Way gives too-small uncertainty

. SN e ) _
At a solution: |~ 0 @) =xX°M)+ Y 6pa(C ™ asdps
P a,B=1

e Variations at p:  0x°(») = x*(®+ 0p) — x*(p)
= 6p1Adp1 + 6p1 BSpa + Spa B p1 + SpaDips

» Change in y?> when {p,} change, re-optimize §y> w.r.t. {p;}
N2
OxP(p1+ 6p"" p2 +0p2) = Y 0p2aDipas
Oé,BZNl—F]_

~

* D: restriction of C to {p,}-subspace

(0po)?

5x2 =
T T

= 6pg = (Coo)'/? <= 6x* =1

* NB: the 6x* = hypersurface’s average distance shrinks with incr. N,




Parameter variance

) 8X2 Np B
* At a solution 0|~ 0 @ ~X*0)+ D 0palC apdps
p a,B=1
* Assuming a normal distribution
1 \
(p|y) d t 01/2(27‘_) p/2 6 : [X (p) * (p)] : Confidence

(o) = [ doee [ o, Pa)ODP = Can
 Change in chi—squared 09y = (Caa) %60 2 6

0x*(p) = X*(p + 0p) — Z 0pa(C™1)apdpp

op1
0x*(0pu) = CupCrp =1 - Z(CMB) <1 | b
B#u P

* NB: adding redundant params can lower 5x*(6p,.)



Uncertainties from chi-squared minimization

.

M

D2

Uncertainty determination comparison:

1) previous: 6x> =1 = Uncertainties too small; scaling: op; = (C2)Y/? ~ (/)(Np_l/2)
2) improved:

1 X
P(6x*|k DOF) = W/o dtth/?71e™t? = CL(68%: 1 — 05 95%: 2 — 03...) by

Better scaling: i ~ (N,Cii)'/?

: experimental setup
, i Xin (P) — Ri., 2 S — 112 : observable
Xepa (P) = Z SR, + 55m /Sr < Ry, 0R;,, -
M,i M/=M ;.. calc’d observable
: normalization

relative measurement, uncert.

Confidence
region




Observable error propagation
Covariance matrix

The parameter covariance matrix is C = ZG;I, and so first-order error propagation gives
for the cross-section covariances

Xo = X" (D)
X ()= +(P-Py) 8 +5P-Po) Go(P-Py) 1g, =V, (), =0

A2 2
=X, +AX". LGo _ Vpg(p)‘p%

cov[o,(E)o (E')]= [Vpgi (E)]T ¢ [Vpgj(El)]

P=p,

= Aai(E)Aaj(E’)pl.j (E,E").

observable uncertainties / 8
correlation coefficient




New code implementation

* Previous version EDAS

— Versatile, numerically stable; legacy [F66
remnants]| = difficult to modify/debug

e Current version EDA£90
—ModernFORTRAN (F90) implementation
— Identical numerically to EDAS
— Interfaces with NJOY2016/NJOY21
— Backend interface with ENDF tk

— Frontend (observed data) interface with
EXFOR/CSISRS (c5 format)

do/dQ

9be(n,n)9be* do/dQ E=
107

5.000 MeV

90% confidence range
| — calculated at E= 5.000
o be9(n,n)be9(2.43):J,NSE,103,37,198909:M.Sugimoto+

60

20

eCM

120 150 180

9be(n,4he)6he integrated

World observed data
—-— ENDF-B/VII.1
---- ENDF-B/VIII.O
—— ENDF-B/VIIL.1

5.0

7.5

10.0 125
E (MeV)

15.0 17.5 20.0



Charge-Independent Analysis of N-N
Scattering up to 50 MeV

s Lot |

p+p 3.26 3
n+p 3.26 3
y+d 40 1
3.26 3
m-
p(p,p)p 5(8), Ay(p), Cow Cyyr K K, KX

p(n,n)p 4815 3764 or, o(0), A/n), C,, KY

p(n,y)d 86 179 G, 6(0), Ay(n)
d(y,n)p 88 77 Gin, 6(6), Z(y), Py(n)
n(n,n)n 1 0 ag
Norms. 183 86

Total 5848 5056 20

# free parameters = 43+183 = »?/degree of freedom = 0.899



n-p Elastic Scattering Differential Cross Sections

do/dQ (b/sr)

do/dQ (b/sr)

0.078

0.077

0.076
0.075
0.074
0.073
0.072

0.071L

0.028

0.026

0.024

0.022

0.02

0.018 -

0.016

“““ T T LR
—Calc 10.04 }
r * Boukharouba "01
0 30 60 90 120 150 180
0 (degrees)
c.m.
n-p Diff. Cross Sect. at 36.0 MeV
—Calc 36
+ Fink “90
« Romero “70 B
0 30 60 90 120 150 180

ec_m_ (degrees)

do/dQ (b/sr)

0.062 R ——— .
0.06 |- ] ]
0.058 |- ‘H
0.056 |- 4
0.054 | 1 ] g
L e —Calc 14.1
0.052 - e Allred "53
+ Buerkle "97
= Seagrave “55
0.05 L * Nakamura " 60
L + Shirato 74
0.048 L L L
0 30 60 20 120 150 180
0 degrees
c.m. ( g )
n-p Diff. Cross Sect. at 47.5 MeV
0.022
—Calc 47.5
0.02 - * Scanlon 63 ]
0018} E
- [
P
7} L
> o016 .
L [
% L
< 0.014 =
> [
-c L
0.012 4
0.01 ]
0008 L L L L L L
0 30 60 20 120 150 180

eC N (degrees)

do/dQ (b/sr)

do/dQ (b/sr)

n-p Diff. Cross Sect. at 22.5 MeV

0.038 ‘
—Calc 22.5 ]
Drosg "78
0.037 - B
* Scanlon “63
0.036 - / 1
0.035 [ / B
0.034 [ | } } l B
0.033 if// R
0 30 60 20 120 150 180
0 (degrees)
c.m.
n-p Diff. Cross Sect. at 50 MeV
UL L B T T T
0.02 - —Calc 50
* Fink “90
I = Montgomery “77 t
0.018 B
o0t6 | |
0.014 I B
0.012 I B
001 L L L L L L
0 30 60 90 120 150 180

ec_m_ (degrees)



n-p Elastic Scattering Polarizations

: : : -p Polarizati t 10.03 MeV - izati .
- Why include polarizations? |, "P oamzatonat 1025 TeY puns P Polarization at 14.1 MeV
0.012} I ] |
- Further constrain the
scattering amplitudes and
. . . = [
possibly find a unique o
solution (2 minimum). A Y
0.002 * Holsin "88
[ —~ Calc 14.1
ol = Brock "81
[ * Weisel 92
0.002 -0.005
0 30 60 90 120 150 180 0 30 60 90 120 150 180
ec.m. (degrees) ec.m. (degrees)
n-p Polarization at 16.9 MeV n-p Polarization at 33.0 MeV
0.035 F T T T T T 0.12 [ T T T T T T
0.03 01
0.025:*
[ 0.08
002
~ r = 0.06
5;0.015} ~.
o [ B .04
0.01 F
5 ——Calc 16.9 0.02
0'005; * Tornow 88 L ——~Calc 33.0
0; of * Wilczynski “84
0.005 e e b L -0.02 :
0 30 60 90 120 150 180 0 30 60 90 120 150 180
ec'm_ (degrees) ec.m. (degrees)



Integrated Cross Sections for n-p and n-n Scattering

n-p Total Cross Section n-N Elastic Cross Sections
W \\\ ] 0 L
—— ENDF/B-VIII.O
+ Dilg 75 -
) v Fujita 76 )
s * Allen "55 -
© 1+ | e 1 F
+ Davis "71 ]
<« Abfalterer 01 } ]
)|
EY
0.0001 0.001 0.01 0.1 1 10 10°® 10° 0.0001 0.001 0.01 0.1 1 10
E_ (MeV) E (MeV)



n+p Capture and g+d Photodisintegration Data

p(n,gamma)d integrated p(n,gamma)d A (n) E=39.800 MeV p(n,gamma)d do/dQ E=39.800 MeV
10° : T T T T 3 0.4 ‘ ‘ ‘ 2800 ‘ ‘ ‘
i ] 50 confidence range 10 50 confidence range
[ i 03l calculated at E=39.800 i 2600 calculated at E=39.800 N
1 B o Ay(n) p(n,gamma)d En=39.80 MeV o diff. x-sect. p(n,gamma)d En= 39.80 MeV
10 -
g E 2400 - B
[ ] 0.2
- 1 2200 - —
1 o1 2000 |- i
1 = % 000
] ©
] <):>‘0.0 © 1800 |- ]
3 1600 |- B
] -0.1
. 1400 - 1
3 0.2
F ] 0 1200 - 1
10 ! ! ! ! ! ! ! ! ! 03 ! ! ! ! L 1000 L L L
10% 107 10® 10° 10* 10° 102 107 10 10" 10 0 30 60 90 120 150 180 0 30 60 % 120 150 180
E (MeV) 3] 3]
d(gamma,n)p integrated d(gamma,n)p T22(gamma) E= 2.600 MeV d(gamma,n)p do/dQ E= 2.750 MeV
3.0 T T 12 T T T T T T T
10 56 confidence range i 56 confidence range 1
calculated at E= 2.600 - calculated at E= 2.750 1
25 . 10F © polarized gamma asymmetry (SY2-SX2) for d(gamma,n) TUN - o diff. x-sect. d(gamma,n)p En=2.75 MeV
20} 4 _o
«© -4
@ € a 10
£ € 3
© 15 — @ 0. =
Qo =) ©
o I~ S
© I\
'_
1.0 1
0.5 1
0.0 ! ! ! ! ! 10
0 10 20 30 40 50 0 30 60 90 120 150 180 0 30 60 90 120 150 180
E (MeV) 0 0

o
(N 2021-04-19 28



do/dQ

do/dQ

NN system covariance data

p(p,p)p do/dQ E= 3.037 MeV

CP2020
90% confidence range
CP2011
xsect pp e= 3.037 norm= 1.0000 enorm= .0010
101 4
100 4
107t T T T T T T T T
0 20 40 60 80 100 120 140 160 180
QCM
p(n,gamma)d do/dQ E=19.300 MeV
0.0000045
— CP2020
90% confidence range
0.0000040 A ---- CP2011
o diff. x-sect. p(n,gamma)d En= 19.30 MeV
0.0000035 A
0.0000030 A
0.0000025 A
0.0000020 A
0.0000015 A
0.0000010 T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Ocm

do/dQ

o (barns)

0.042

0.040

0.038

0.036 1

0.034

0.032 1

p(n,n)p do/dQ E=22.200 MeV

—— CP2020
90% confidence range
CP2011 (no data)

diff. x-sect. p(n,n
diff. x-sect. p(n,n
diff. x-sect. p(n,n
diff. x-sect. p(n,n

p En=22.20 MeV T
p En=22.40 MeV
3
p

En= 22.50 MeV
En= 22.50 MeV

be i 1ol iH

CP2011 has no data.

0.030 T T T T T T T T
20 40 60 80 100 120 140 160 180
Ocm
103 p(n,gamma)d integrated
—— CP2020
---- CP2011
Experiment
10—4 4
107 T T T
1072 1071 10° 10! 102
E (MeV)

10!
s
s
“g 10°
10! 5 T
B 10 10
Neutron Energy (MeV)
Covariance matrix
Partitions:

pp(€ < 3);np(f < 3);
yd(l < 1);nn(f < 3)

36 channels (J"LS)
x?/dof ~ 0.9

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

-0.6

-0.8

-1.0



R-matrix

evaluation

SLi system

Channel ac (fm) | lnax
d +3He($" 4.8 4
p +1He(0T ) 2.9 4
p +*He*(07; 20.2 MeV) | 3.4 2
do+3He(1™) 5.1 0
Reaction Energy Range # Data Observables
(MeV) Points
3He(d,d)3He | Eq=0.32—10.0 | 2,229 o(0), A, Aii

Ci g, Cijor K jrr s Kij o

U(E)v 0(9)7 Ai7 Aiia

SHe(d,p)*He | E4 = 0.13—10.0 3,839 K
ijo 1,k
SHe(d, p)*He* | E4 = 3.70 — 6.70 28 o(0)
THe(p,p)*He | E, = 0.92 — 34.3 867 o(E),0(0), A,, P,
Total: 6963

Table 1: Channel configuration (top) and data summary (bottom) for the °Li
system analysis. The column labeled “Observables” indicates the following
data types: o(F), integrated cross section; o(6), unpolarized angular distri-
butions (energy-dependence suppressed); A initial-state analyzing power; P
final-state polarization; C' spin correlation coefficients; K polarization trans-
fer coefficients. (We have suppressed the indices i, j,... which take on values
x,y, z for spins/polarization directions in configuration space.) All polarization
and spin distributions are angular distributions, which depend on the angle of
the outgoing particle. Chi-squared per degree of freedom for the analysis is

x?/dof ~ 2.7 over 7,178 data points, 215 of which were discarded by elimi-
nating individual data points which contribute to y? > 40.



’Li system evaluation
3He(d,d)*He

he3(d,d)he3 do/dQ E= 0.391 MeV he3(d,d)he3 do/dQ E= 1.012 MeV

— CP2020 — CP2020
90% confidence range 90% confidence range
---- CP2011 ---- CP2011
T dxs 3he(d,d) ed=.391 kraus (strasbourg) 73 B dxs 3he(d,d) ed=1.012 kraus (strasbourg) 73
10! 10! 4 @ dxs 3he(d,d) 1.02 mev brown(54)
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10° 4 3  brown-pr96-1954-3,0mev-3he-d-d-3he-dxs 10° 4 @ i(theta) 3he(d,d) 10mev jarmie rev76
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© ©
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’Li system evaluation
3He(d,p)*He

he3(d,p)hed4 do/dQ E= 0.060 MeV he3(d,p)he4 do/dQ E= 0.176 MeV
0.000190 0.0116
0.000185 {7 ——m 00114 e
""""""""""""""" 0.0112 4
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g g
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0.018 1 90% confidence range 90% confidence range
CP2011 (no data) CP2011 (no data)
0.016 @ diff cross section 3he(d,p)4he ed= 6.00 mev klinger 1971 @ diff cross section 3he(d,p)4he ed=10.00 mev klinger 1971
$ i(theta) 3he(d,p)4he at ed = 6.0 mev gruebler et al $ dxs he3(d,p)hed
0.014 4
o 0.012 4 o
o o
B 5
© 0.010 =
0.008
0.006 4
0.004 1
0.002 CP2011 has no data. 10-3 CP2011 has no data.
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’Li system evaluation

*He(p,p)*He

hed(p,p)hed do/dQ E= 0.920 MeV

101 4

do/dQ

10°

10—) -

— CP2020
90% confidence range
---- CP2011
T dxs 4he(p,p)4he .95 mev minn(49)
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he4(p,p)hed do/dQ E=28.130 MeV

10°
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— CP2020
90% confidence range
CP2011 (no data)
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CP2011 has no data.
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n+°Be

New evaluation

* Added data: elastic, (n,«), (n,n;)

Channel a.(fm) oo
nBe(2 ) 4.67 3
‘He+5He(0) 5.00 4
(nn)o+°Be(2T) 5.20 3
n +°Be*(2 ) 5.20 1
Process E,, range Observables Ngat X* /Ndat
"Be(n, ng)’Be (1.25 eV, 15.4 MeV) Otot, 0, 0(0), A,(0) 5782 1.65
9Be(n, *He)%He (0.63, 8.5) MeV o,0(0) 178 1.40
“Be(n, 2n)®Be (1.8, 14.7) MeV o 40 NA
“Be(n, ny)’Be* (2.7, 5.0) MeV a(0) 83 1.65
Total 6083 1.75




o, (b)

n+°Be Integrated Cross Sections

n+°Be Total Cross Section

T T T T
1 Evaluated
= ! * Koester -
1 = Block
{ 4+ Aizawa
E ! + Cabe ]
|
4 !J,l Auchampaugh | ]
1
|
ry il
AR
I I I I
0 1 2 3 4 5
E" (MeV)

“Be(n,n)”Be Cross Section

Evaluated
Fermi " 47
Langsdorf “57 [
Lane “64
Lane “56
Willard * 55

s e e

Levin “60

Phillips ~60
Walt *55 H
Marion ~59
Baba "78

Gorlov " 64
Sugimoto “89 [

s mx o om e

E, (MeV)

o, (b)

n+2Be Total Cross Section

2 T T
BN Evaluated ]
Auchampaugh
I +  Finlay
1.8
1.7
1.6
1.5
1.4
1.3 Il Il
5 10 15 20
En (MeV)
9 9 .
Be(n,n)"Be Cross Section
Evaluated
1.4 - °  Marion “59 4 Templon "85
% Baba '78 e Nakada "58
+  Sugimoto ~89 +  Roturier “68
1.3 + * J.Chen 09 s Merchez 66
+ Drake '77 8  Takahashi 87
= Hogue 78
12k Schmidt " 87 o Ibaraki “98
1.1 - B
1r 4
0.9 J
0.8 L L
5 10 15 20

E_(MeV)

Cn2n (b)

0.12

0.1

0.08

0.06

0.04

0.02

0.7

0.6

0.5

0.4

0.3

0.2

0.1

9Be(n,oz)sHe Cross Section

[ Evaluated
r o Stelson
L s Bass
10 15 20
E (MeV)
n
9 .
Be(n,2n)aa Cross Section
[ eval
® Holmberg
+  Fischer
r 4 Catron T
B LANL
Il Il
5 10 15 20
En (MeV)



'Be(n,n)°Be Differential Cross Sections

9be(n,n)9be do/dQ E= 50.000 keV
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°Be(n,n,)’Be” Differential Cross Sections

9be(n,n)9be* do/dQ2 E=  3.000 MeV 9be(n,n)9be* do/dQ2 E=  4.100 MeV

f 9be(n,n)9be* do/dQ2 E=  5.000 MeV
T T T 10° T T T

10" T T T
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Summary of new evaluation:

= 10Be analysis has produced a consistent set of cross sections and angular distributions
that are in agreement with most of the experimental data at energies up to 5 MeV.
Extensions above that energy were based on the experimental data alone.

» Level assignments for the overlapping resonances near E,=2.7 MeV have the opposite
parity (4,3 — 4+3").

» Excited states of “Be make important contributions to the (n,2n) cross section (MT=16
— 24 in the new evaluation).

= Testing/benchmarking: (M. Herman, LANL) and thick-target angular neutron yields (Y.
Danon, RPI) on the following slides



Comparison to previous ENDF/B
Integrated cross sections

9be(n,n)9be integrated
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Conclusions

* R-matrix
— Correlates all processes associated with a given compound system

— Enforces

= Unitarity, relating the magnitudes and phases of amplitudes of different processes (total, elastic,
inelastic, reaction, etc.)

= Causality; proper complex-analytic properties
* Systematically improvable
— More data

= Polarized observables
* Higher-energy data



Outlook

* Continued code modernization & improvement
— Higher energies = break-up reactions
= Currently post-processed by auxiliary codes
= Immediate objective: (z,z'n), (z,2'Y), etc.
* Uncertainty quantification
— Currently
= x? minimization with per-experimental setup normalization
= Appears sufficient for 22 body scattering/reactions, single compound system
— Planned
= Bayesian statistical methods

— Data covariances
— Several compound systems concurrently

* Ongoing/planned evaluation
-9Be, 170
— Neutrons on H,C,N.,O

Thank you for your patience and attention.



